Nanocrystalline hydroxyapatite (NHA) is a biocompatible, biodegradable, and osteoconductive bone graft material; however, it lacks osteoinductivity. The present study is aimed at investigating the feasibility of nanocrystalline hydroxyapatite (NHA) as an osteoinductive growth factor carrier. Bone morphogenic protein 2 (BMP2), an osteoinductive growth factor, was incorporated into NHA (BMP2-NHA) using a simple adsorption method. The growth factor loading and release kinetics were profiled using fluorescein-isothiocyanate-labeled bovine serum albumin (FITC-BSA) as a mimic of the osteoinductive growth factor BMP2. The effect of BMP2-NHA on the osteogenic differentiation of C2C12 cells and ectopic bone formation in mice were tested. Confocal laser-scanning microscopy showed that FITC-BSA was diffused throughout the porous structure of NHA. FITC-BSA was efficiently loaded in NHA and sustained release was observed up to 35 days in vitro. BMP2-NHA enhanced the expression of osteogenic markers Runx2, Osterix, Alp, and Col1α1 and ALP activity in C2C12 cells compared to NHA. Similarly, μ-CT and histological examinations showed that BMP2-NHA robustly induced ectopic bone formation in mice. This study suggests that NHA could be used as an effective carrier of osteoinductive growth factors, which ensures osteoinductivity of NHA via sustained release of the growth factor.
Introduction
Large-volume bone defects resulting from tumors, trauma, infection, and congenital deformity exceed the self-healing capacity of natural bone tissue. The repair of such defects remains a challenge in the field of orthopedics, dental implantology, and maxillofacial surgery. Autograft is still regarded as the gold-standard treatment option for large-volume bone defects [1] . The osteogenic potential of autografts is derived from their osteoconductive scaffold, osteoinductive growth factors (such as bone morphogenetic proteins, BMPs), and osteogenic precursor cells. However, the application of autografts is still limited by availability and donor site morbidity [2] . The conventional alternatives such as allografts and xenografts (e.g., deproteinized bovine bone) are also associated with concerns of immunologic reaction and potential disease transmission [3, 4] . In comparison, synthetic calcium phosphate-(CaP-) based materials show unlimited availability, no risk of potential disease transmission, and great modification potential to be conferred with advanced properties [5] . Synthetic materials such as tricalcium phosphate (TCP) and biphasic calcium phosphate (BCP) have already been widely used in clinical settings [6] [7] [8] [9] [10] [11] . These synthetic materials could be further functionalized with a paramount property-osteoinductivity-by a very simple way that is called superficial adsorption of BMP2 [12] . Such functionalized CaP-based materials have been shown to enhance bone regeneration in animal studies [13, 14] . However, this functionalization method is associated with a low osteoinductive efficiency since the superficially adsorbed BMP2 is rapidly released and exhausted in the physiological milieu before taking an osteoinductive effect [15, 16] . Moreover, the physicochemical properties of TCP or BCP could not provide a slow release system to BMPs [17, 18] . Therefore, BMPs have to be administrated in supraphysiologic dosages to induce satisfactory bone formation, which in turn lead to concerns of bone overgrowth, cost-effectiveness considerations, and significant complications [19] . To optimize the osteoinductive efficiency of BMPs, the scaffold materials should bear a good capacity to retain their activities and to enable a sustained local release [20] .
Among the synthetic materials that are available in clinical settings, nanocrystalline hydroxyapatite-(NHA-) based scaffolds, such as NanoBone® (Artoss, Rostock, Germany), appear to be promising materials for the adsorption and sustained release of osteoinductive growth factors. This NHA-based scaffold consists of 76% nanocrystalline hydroxyapatite that is embedded in nanostructured silica using a sol-gel method. This material bears a porosity of 60-80%, macropore size of some 100 mm, nanopore size of 10-20 nm, and large surface area exceeding 84 m 2 /g [21, 22] . Silica not only gives higher porosity and surface area but also enhances the osteoinductive properties of NHA. Previous studies had reported that a silica-based scaffold shows higher biocompatibility and osteogenic properties [23, 24] . Moreover, a silica-coated titanium implant enhances osteogenic differentiation of precursor cells [25] . NHA gains quite satisfactory outcomes in clinical situations including socket preservation and sinus augmentation [26] [27] [28] . The characteristics of NHA favored for bone regeneration, such as biocompatibility, biodegradability, osteoconductivity, and angiogenic response, are well documented [29] [30] [31] . However, NHA lacks osteoinductivity and it remains unclear whether the NHA-based scaffold with such a significantly enlarged surface area is able to efficiently adsorb osteoinductive growth factors and give sustained local release.
In this study, we tested the loading efficiency and release profile of proteinous agents adsorbed in the clinically used NHA-based scaffold. We evaluated the osteoinductive efficacy of BMP2-adsorbed NHA both in in vitro and in vivo subcutaneous bone-induction models in mice.
Materials and Methods
2.1. Drug Loading. FITC-BSA (Sigma-Aldrich, St. Louis, MO, USA) was used as a model protein to monitor the loading efficiency and release kinetics of osteoinductive growth factors. FITC-BSA was dissolved in PBS at 0.05 mg/ml (low concentration, L-BSA-NHA), 0.25 mg/ml (medium concentration, M-BSA-NHA), and 1.25 mg/ml (high concentration, H-BSA-NHA), respectively. NHA blocks (NanoBone®) were trimmed to 4 × 4 × 4 mm blocks. Each block was immersed in 0.4 ml of FITC-BSA solution separately. The blocks were vortexed once per minute at 4°C for 24 h and then dried at 4°C for 24 h. The supernatants were collected for analysis of loading efficiency. The fluorescence density was measured with a microplate reader (Varioskan Flash, Thermo Fisher Scientific, Waltham, MA, USA) at an excitation wavelength of 485 nm and emission wavelength of 519 nm. FITC-BSA concentration in the supernatant was calculated using the linear relationship with fluorescence density. The loading efficiency was calculated using the following formula:
where C s is the FITC-BSA concentration in the supernatant, V s is the volume of supernatants, C 0 is the original concentration of FITC-BSA, and V 0 = 0 4 ml.
2.2.
Distribution of FITC-BSA within NHA Blocks. The NHA blocks loaded with 1.25 mg/ml FITC-BSA solution were dehydrated and then embedded in methylmethacrylate. Sections of 60 μm were prepared using a cutting and grinding system (Exakt, Norderstedt, Germany). The sections were inspected using a confocal laser-scanning microscope (TCS SP8, Leica Microsystems, Wetzlar, Germany). . Mice (8/group) were randomly divided into 4 groups: control (only NHA), L-BMP2-NHA, M-BMP2-NHA, and H-BMP2-NHA. Implants were implanted subcutaneously bilaterally in the dorsum of mice (two implants per mouse). The samples were harvested 4 weeks after the implantation.
Microcomputed Tomography (μ-CT).
Bone formation was analyzed by using μ-CT (SkyScan high-resolution μ-CT imaging system, Bruker, Kontich, Belgium). The samples were scanned at 8 μm resolution, 59 kV, and 100 μA, with a 0.5 mm aluminum filter. Volumetric reconstruction and analysis were conducted using NRecon, CTan, and CTvox (Bruker). A threshold of 50-120 was chosen to segment out bone. The measured structural parameters were bone volume (BV), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular number (Tb.N).
2.5.3. Histology. The samples were fixed in 4% paraformaldehyde. After washing with PBS, specimens were demineralized in 14% ethylenediamine tetra-acetic acid (pH = 7.2). Demineralized specimens were washed in PBS and dehydrated in a graded ethanol series. Samples were embedded in paraffin, cut into 5 μm sections, and stained with Masson's trichrome. Three representative slides from each sample were photographed and analyzed for the ratio of BV/TV (bone volume/tissue volume) using Image Pro Plus 6.0 version (Media Cybernetics, Silver Spring, MD, USA).
Statistical Analysis.
Statistical analysis was performed using IBM SPSS 22.0 version (IBM Corp., Armonk, NY, USA). All data were presented as mean ± SD. Statistical differences among the groups were assessed by one-way ANOVA. Post multiple comparisons were performed using the Newman-Keuls test. The significant differences between test groups and control were labeled with asterisks. The significance level was set at p < 0 05.
Results

Protein Loading and Release Profiles.
After a 24 h superficial adsorption, FITC-BSA was adsorbed into NHA blocks. FITC-BSA infiltrated through the porous structure of NHA and was homogeneously distributed within the NHA blocks (Figure 1(a) ). The loading efficiency of FITC-BSA was 82.35 ± 4.09%, 96.27 ± 0.36%, and 98.59 ± 0.19% in the L-BSA-NHA, M-BSA-NHA, and H-BSA-NHA groups, respectively. The release kinetics was characterized with the amount of BSA released (Figure 1(b) ). The adsorbed BSA showed a sustained release from NHA blocks in all 3 groups up to 35 days.
NHA-BMP2-Induced Osteogenic Differentiation In Vitro.
Different concentrations of BMP2-adsorbed NHA did not affect C1C12 proliferation at day 7 (Figure 2(a) ). H-BMP2-NHA robustly enhanced (11.3-fold) ALP activity compared to control (Figure 2(b) ). L-BMP2-NHA and M-BMP2-NHA did not affect ALP activity compared to control. Similar effects of treatments were observed in osteogenic gene expression in C2C12 cells (Figures 2(c)-2(f) ). H-BMP2-NHA enhanced Alp, Runx2, Col1α1, and Osterix gene expression by 2.2-, 2.2-, 2.7-, and 12.33-fold, respectively, compared to the control group (Figures 2(c)-2(f) ).
BMP2-NHA-Enhanced Bone Formation in Mice Ectopic
Model. The 3D reconstruction images of the micro-CT scan indicated that the volume of newly formed bone significantly increased with the increase of BMP doses (Figures 3(a) - (d)). Considering the whole implant, the total volume of bone (including block and newly formed bone) was significantly higher in the H-BMP2-NHA group (1.86-, 1.50-, and 1.27-fold) compared to those in the control, L-BMP2-NHA, and M-BMP2-NHA groups. Total bone volume in the M-BMP2-NHA group was 1.46-fold higher compared to those in the control group (Figure 3(e) ). Tb.N in the L-BMP2-NHA, M-BMP2-NHA, and H-BMP2-NHA groups were 1.48-, 1.63-, and 1.90-fold higher compared to those in the control group (Figure 3(f) ). L-BMP2-NHA, M-BMP2-NHA, and H-BMP2-NHA did not affect Tb.Th (Figure 3(g) ). The M-BMP2-NHA and H-BMP2-NHA groups showed reduced Tb.Sp compared to the control and L-BMP2-NHA groups (Figure 3(h) ).
The histological analysis showed that the NHA blocks alone did not yield any new bone formation in the subcutaneous sites (Figure 4(a) ). In the presence of BMP2, the newly formed bone (stained in deep blue) was found surrounding the NHA blocks (stained in light blue) (Figures 4(b)-4(e) ). The volume densities of newly formed bone increased with the dosage of BMP2. The bone volume densities in the M-BMP2-NHA and H-BMP2-NHA groups were 2.0-and 2.3-fold higher compared to those in the L-BMP2-NHA group (Figure 4(f) ).
Discussion
Superficial adsorption is the most simple and commonly used loading method to apply BMP2 in clinical settings [32] . In addition, superficial adsorption does not need additional modifications such as coating with inorganic and organic biomaterials, which will eliminate additional exogenic materials and costs to achieve the approval of FDA for clinical application. However, most of the clinically available CaP-based materials, such as TCP and BCP, do not bear a favorable physicochemical surface property that enables a slow release profile of BMP2. Therefore, most of the thereon superficially adsorbed BMP2 are released and exhausted too rapidly and fail to efficiently induce new bone formation [33] [34] [35] . Furthermore, the transiently high concentration of BMP2 may cause a series of unintended adverse effects [19] . Due to these limitations, continuous efforts have been undertaken to develop novel synthetic materials with advanced physicochemical and biological properties [36, 37] . In this study, we adopted NHA blocks that are clinically available and bear a significantly enhanced surface to potentially facilitate the slow release of superficially adsorbed BMP2. In our study, we, for the first time, proved that the NHA blocks could enable a slow release of superficially adsorbed BMP2 and promote new bone formation. Our results indicated a possibility of NHA blocks combined with BMP2 to treat large-volume bone defects.
The surface of hydroxyapatite has a high adsorption ability for many substances. It is a common absorbent in chromatography used to separate and purify proteins. In particular, NHA shows a significantly higher capacity for adsorbing proteinous agents in comparison with microphased hydroxyapatite [38] . It had been reported that 2 mg of NHA adsorbs more than 99.9% of 1 μg/ml BMP2 in 0.5 ml PBS within 24 h [39] . This suggests that NHA is a potential carrier for proteins. Due to its similar loading and release kinetics to BMP2, BSA is often employed as a model protein to mimic a BMP2 loading and release assay [40] . In this study, the loading efficiency of a proteinous agent (FITC-BSA) was positively correlated with the concentrations of BMP2 (Figure 1(b) ). The success of incorporation was confirmed with fluorescence images of cross sections indicating that the protein distributed 1 mm beneath the surface (Figure 1(a) ). BSA was sustainably released up to day 35 from different concentrations of BSA-loaded NHA. In our previous studies, the FITC-BSA that was superficially adsorbed onto another clinically widely used CaP-based material (deproteinized bovine bone) was exhausted within 13 days [16] . Our finding demonstrated the superior ability Journal of Nanomaterials of NHA to give sustained release of growth protein compared to that of deproteinized bovine bone containing natural hydroxyapatite [41] . In this study, the bioactivities of the released BMP2 from NHA blocks were assayed using C2C12 cells. The BMP2 loading did not affect the cell viability (Figure 2(a) ). In contrast, the osteogenic early differentiation marker-ALP activitywas significantly enhanced in the high-dose BMP2-loaded NHA group (Figure 2(b) ). Consistently, the mRNA expression of Alp, Col1α1, Runx2, and Osterix was also significantly enhanced in the high-dose BMP2-loaded NHA group compared to the control group (Figures 2(c)-2(f) ). The result indicated that the BMP2 adsorbed onto NHA retained its bioactivity. However, low-and medium-dose BMP2-loaded NHA did not affect the osteogenic differentiation of C2C12 cells. This might be due to the cell type used and culture conditions, i.e., C2C12 cells are of myoblast origin and are cultured without an osteogenic medium. We adapted this cell model and method for an in vitro study to mimic our in vivo ectopic model. The osteoinductive potential of low-and medium-dose BMP2-loaded NHA osteogenic in precursor cells cultured with osteogenic medium might be more pronounced compared to the present culture model.
The golden standard of biomaterial osteoinductivity is considered to be the ability to form bone tissue in ectopic sites [42] . Therefore, we analyzed the osteoinductive effect Journal of Nanomaterials Therefore, BMP2 incorporation is essential for osteogenesis in an ectopically implanted bone graft. Medium and high doses of BMP2-loaded NHA robustly enhanced bone regeneration compared to the control and low-dose BMP2-loaded NHA groups. A similar effect was observed on newly formed bone trabecular parameters. Since the BMP2-loaded NHA was able to enhance bone formation even at the ectopic site, the osteoinductive effect of BMP2-loaded NHA might be more pronounced in bone defects. The animal-originated collagen sponge proves to be a good carrier for BMP in clinical practice to treat small-sized defects. After being soaked in BMP2 solution for 15 minutes, the collagen sponge had been reported to load with approximately 95% of the rhBMP2 and release the protein over about a 2-week period, with a half-life of 2-3 days [43] . Since a high dose of BMP2 is required, the collagen sponge could not be a cost-effective BMP2 delivery system for large-volume bone defects. Moreover, in repairing large-volume bone defects, the collagen sponge alone is not able to provide enough mechanical stability. More rigid materials have to be applied as supporting scaffolds along with the protein and its carrier. In this study, we showed that NHA blocks could carry BMP2 at a very high loading efficiency, retain its activity, and efficaciously induce new bone formation even in a subcutaneous profibrotic environment. These findings indicated a very promising application potential for the BMP2-NHA bone graft to treat large-volume bone defects in clinical settings. A limitation of this study is the use of FITC-BSA instead of BMP2 for the in vitro drug loading and release assay. Although many previous studies had adapted this method, FITC-BSA might not have exactly the same loading and release properties as BMP2. In spite of the high cost, many researchers prefer the direct use of BMP2 to analyze the loading and release assay more accurately. Another limitation of this study is the lack of an in vivo bone defect healing experiment. Since the implantation of a BMP2-NHA graft in the bone defect provides interactions between BMP2, biomaterial, and host bone tissue, we recommend a future study focusing on these issues.
Conclusions
In the present study, NHA showed the capacity to retain the adsorbed protein efficiently and release them in a sustained fashion in vitro. BMP2-loaded NHA was biocompatible and induced osteogenic differentiation of C2C12 cells in vitro. Different doses of BMP2-loaded NHA enhanced bone regeneration in the mice ectopic model in a dose-dependent manner. Our in vitro and in vivo findings suggest that NHA is an efficient carrier of osteoinductive growth factors. The biocompatible, osteoconductive, and osteoinductive properties of BMP2-loaded NHA suggest that it is a potent bone graft for treating large-volume bone defects.
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